Mississippi State University

Scholars Junction
Theses and Dissertations

Theses and Dissertations

5-12-2012

Efficacy and Biodegradability of Pentachlorophenol in
Conventional and Biodiesel Amended Carriers
Saeed Keshani Langroodi

Follow this and additional works at: https://scholarsjunction.msstate.edu/td

Recommended Citation
Keshani Langroodi, Saeed, "Efficacy and Biodegradability of Pentachlorophenol in Conventional and
Biodiesel Amended Carriers" (2012). Theses and Dissertations. 1823.
https://scholarsjunction.msstate.edu/td/1823

This Dissertation - Open Access is brought to you for free and open access by the Theses and Dissertations at
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of
Scholars Junction. For more information, please contact scholcomm@msstate.libanswers.com.

Template Created By: James Nail 2010

EFFICACY AND BIODEGRADABILITY OF PENTACHLOROPHENOL IN
CONVENTIONAL AND BIODIESEL AMENDED CARRIERS

By
Saeed Keshani Langroodi

A Dissertation
Submitted to the Faculty of
Mississippi State University
in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy
in Forest Resources
in the Department of Forest Products
Mississippi State, Mississippi
May 2012

Template Created By: James Nail 2010

Copyright 2012
By
Saeed Keshani Langroodi

Template Created By: James Nail 2010
EFFICACY AND BIODEGRADABILITY OF PENTACHLOROPHENOL IN
CONVENTIONAL AND BIODIESEL AMENDED CARRIERS
By
Saeed Keshani Langroodi
Approved:
_________________________________
Hamid Borazjani
Professor of Forest Products
(Major advisor)

_________________________________
M. Lynn Prewitt
Assistant Research Professor of Forest
Products
(Committee Member)

_________________________________
Darrel D. Nicholas
Professor of Forest Products
(Committee Member)

_________________________________
Susan V. Diehl
Professor of Forest Products
(Committee Member)

_________________________________
Shane Kitchens
Assistant Professor of Forest
Products
(Committee Member)

_________________________________
Rubin Shmulsky
Department Head of Forest Products
Graduate Coordinator

_________________________________
George Hopper
Dean, College of Forest Resources

Template Created By: James Nail 2010
Name: Saeed Keshani Langroodi
Date of Degree: May 11, 2012
Institution: Mississippi State University
Major Field: Forest Resources
Major Professor: Dr. Hamid Borazjani
Title of Study:

EFFICACY AND BIODEGRADABILITY OF
PENTACHLOROPHENOL IN CONVENTIONAL AND BIODIESEL
AMENDED CARRIERS

Pages in Study: 74
Candidate for Degree of Doctor of Philosophy
Pentachlorophenol (PCP) is widely used as a wood preservative for wood
products. It has been proposed that a modified PCP carrier system based on a
diesel/biodiesel mixture should be used in place of the conventional diesel/KB3 carrier,
but there is some question as to whether or not this modified carrier system can provide
the same service life for wood products treated with PCP. The main objectives of this
research were to evaluate: 1) the comparative biodegradability of PCP in soil containing
either diesel/KB3 or diesel/biodiesel, and 2) the comparative decay resistance of wood
treated with formulations containing either diesel/KB3 or diesel/biodiesel. For the
biodegradability test a six month study was conducted to evaluate the remediation of PCP
in the presence of either biodiesel or diesel in soil. Different percentages of biodiesel,
diesel and PCP were mixed with clean soil and samples were taken and analyzed. The
results showed significant reductions over time in oil and grease concentration, PCP
concentration and toxicity for soils amended with both of these preservatives. The
addition of biodiesel and PCP to the soil resulted in a significant increase in the Toxicity
Characteristic Leaching Potential (TCLP) levels of PCP, suggesting that the co-metabolic
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effect of biodiesel on microorganisms could accelerate the degradation of PCP in soil.
Also, a two year efficacy study using an accelerated soil contact decay test was initiated
to compare the performance of treated wood with diesel/KB3 carrier and diesel/biodiesel
carrier both with and without PCP. The residual hydrocarbon levels, PCP reduction,
toxicity and leaching of PCP of the samples remained at the same level for treatments
with similar PCP retention values for both of these carriers. Wood treated with PCP in
two different carriers, the rate of decay was generally greater—particularly for the
highest PCP retention level—for the biodiesel/diesel formulation, but this difference was
not statistically significant. This study suggests that PCP formulated in a biodiesel/diesel
carrier is not as effective as the conventional diesel/KB3 formulation against wood decay
fungi. However, additional long term field stake tests will be required to determine the
practical significance of this determination.
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CHAPTER I
INTRODUCTION
Pentachlorophenol (PCP) is a major wood treatment chemical in the US and is
effective against nearly all wood deteriorating organisms including termites, beetles,
marine borers, fungi and bacteria (Carswell, 1939). Preservative treatments can extend
the life of wood products by 20-40 times compared to untreated wood. There are over
160 million the utility poles in service in North America. Currently, pentachlorophenol is
used for treatment of 50% of utility poles in the US. (Morrell, 2004); A survey in the
western US showed that 800,000 utility poles are disposed each year. Although, these
materials are not considered a hazardous waste; all wood preservatives have a level of
toxicity and can present a challenge with environmental remediation (Chu and Kirsch,
1972; Kao et al., 2005; Prewitt et al., 2003).
Among simple chlorinated phenols which have one phenol, PCP is the most
resistant against microbial degradation (McAllister et al., 1996; Tuomela et al., 1998).
Methods approved by the Environmental Protection Agency (EPA) for disposal of PCP
treated wood include landfill disposal and incineration/thermal pyrolysis. It is predicted
that these disposal methods will become more restricted because of the formation of
hazardous byproducts, high costs and decreased space (Kao et al., 2005).
Petroleum derived hydrocarbons such as diesels are used as PCP carriers for
wood treatment. These carriers play a major role in the performance of treated wood
products. The efficacy of carriers and their interaction with preservatives has been
1

considered in several studies (Barnes et al., 2006; Gjovik and Gutzmer, 1985; Nicholas,
1988). This efficacy is attributed to the biocidal characteristics of the carriers, the role of
these carriers in depletion rate or movement of active chemicals (Arsenault, 1970;
Arsenault et al., 1984; Duncan, 1957; Nicholas, 1988; Vaughan, 1947).
Petroleum derived hydrocarbons can also be a problem in the disposal of wood
wastes. Current interest centers on the use of biodiesel as an alternative or additive to
petroleum diesel or other petroleum based products. Previous studies have demonstrated
lower toxicity and faster biodegradability for non-petroleum-based diesels (Bonten et al.,
1999; Schleicher et al., 2009; Zhang et al., 1998). These properties could be
advantageous for application in the wood preservation industry because biodiesel would
have less impact on the environment. Bioremediation is an alternative method for
disposal of treated wood wastes. In bioremediation, microorganisms are used to degrade
hazardous chemicals to less toxic compounds such as water, carbon dioxide and
inorganic elements (Madsen, 1991). Many studies have shown the effectiveness of
degradation of PCP by microorganisms (Cserjesi, 1967; Duncan and Deverall, 1964;
McGinnis et al., 1991). Biodegradation of hazardous materials such as PCP is based on
the principals that support all living systems; they need food, water, optimal pH, etc. for
survival and reproduction (Pal, 1993).
Biodegradability of hydrocarbons by natural populations of microorganisms
represents one of the primary mechanisms by which petroleum and diesel products are
removed from the environment. Several studies have shown that biodiesel is highly
biodegradable in freshwater and soil environments. The addition of biodiesel together
with nitrate and phosphate to soil containing coal tar, in laboratory and field experiments
resulted in degradation of coal tar polycyclic aromatic hydrocarbons (PAH) that was not
2

apparent when the nutrients alone were added. The addition of motor diesel fuel instead
of biodiesel was also tested. These results indicated that biodiesel is capable of
solubilizing and increasing the bioavailability of coal tar PAHs in soils. The reasons for
this behavior are largely unknown. Some hypotheses suggest that additional carbon
sources increase the population size in some specific species. The large mass of cometabolizing cells produced, growth factors excreted by the population initiating the
second compound or enzymes for reactions produced could be the reasons (Pasqualino et
al., 2006).
Co-metabolic transformation (co-metabolism) is the process in which
microorganisms use a second substrate, which is readily biodegradable, as the carbon or
energy source and also degrade the first substrate. This transformation is very important
in waste management for the degradation of resistant substances or when the
microorganisms present are not able to attack the substrate if it is the sole carbon source
(Pasqualino et al., 2006). Hence, this method can be used to degrade complex substances,
such as crude oil and its derivatives. Increasing degradation rate of petroleum based
hydrocarbons by diesel could be an advantage for use of diesel/biodiesel in the wood
preservation industry because of its reduced impact on the environment. Therefore, the
use of biodiesel/diesel as carriers for PCP for treatment of wood products might facilitate
the degradation of PCP and diesel. On the other hand, in consideration to the fact that
efficacy of the wood preservatives is affected by the carriers PCP formulated with
biodiesel could have a different performance in service compared to conventional PCP
treatment system that uses petroleum based carriers. Currently, there is no data available
on the possible effect of biodiesel on the efficacy of the treated wood and
biodegradability of PCP and its carriers (Morrell and Freitag, 2010).
3

Conventional treatment systems that use diesel/KB3 for treatment of wood
products are an environmental concern because of the KB3 which is a very recalcitrant
compound. Biodiesel widely believed to be more environmental friendly than petroleum
based diesel. It could accelerate biodegradability of diesel by means of increasing
bioavailability of this compound or through co-metabolic transformation. Generally,
biodiesel in this treatment system could have a crucial role that accelerates
biodegradation of both PCP and diesel at the disposal point. Accordingly, it could be an
alternative for KB3 co-solvent which is an environmental concern at the time of disposal
of PCP treated wood products.
The objectives of this study were: 1) to evaluate the efficacy of pentachlorophenol
using different ratios of petroleum diesel/KB3 and biodiesel in southern yellow pine; 2)
to compare leaching potential and toxicity of PCP treated wood in biodiesel versus diesel
/KB3 carriers and 3) to determine biodegradation rate, leaching potential and toxicity of
PCP in soil contaminated with diesel and biodiesel alone in different combinations.

4

CHAPTER II
LITERATURE REVIEW
Wood Preservation
Use of wood products by mankind has a long history. It has been used for home
construction, bridges, ships, and other structures, but it has some limitations because of
susceptible to different biological deterioration agents such as beetles, bacteria and fungi.
This burden results in an estimated cost of $5 billion annually in the United States for
home owners to compensate for this damage and is 10% of the annual harvest to
replenish the loss forest annual reproduction (Freeman et al., 2003). Commercially
treated wood products have advantages compared to other alternatives materials such as
concrete or metals in terms of cost, energy, conservation, environmental compatibility
and renewable resources utilization (Rumker, 1975). Creosote has been used as a major
wood preservative for about two centuries (Schultz and Nicholas, 2008). In 1838,
creosote was used by John Bethel in the full cell process and this represented the
beginning of the wood preservation in the US (Freeman et al., 2003). This treatment was
followed by the other processes using a variety of wood preservatives such as copper
naphthenate, Chromate Copper Arsenate (CCA) and pentachlorophenol (PCP) which are
still in use today.
Pentachlorophenol (PCP)
Pentachlorophenol is one of the most important wood preservatives used for
utility poles and cross arms in the United States. The development of PCP as a wood
5

preservative was initiated in 1935 by the Monsanto Chemical Company (Crosby et al.,
1981; Diehl and Borazjani, 1998). PCP is a highly effective chemical and currently is
being used as a fungicide, bactericide, herbicide, molluscicide, algaecide and insecticide.
Approximately 11 million pounds of pentachlorophenol was produced in the US in 2002
(EPA, 2008b). Pentachlorophenol is sold commercially in a ready to use form or as a
soluble concentrate. PCP is slightly soluble in water (14mg/l), soluble in most organic
solvents and moderately volatile. Technical grade PCP consists of PCP (85-90%), 4-8%
2,3,4,6-tetrachlorinated phenols, 2-6% higher phenols and 0.1% chlorinated dioxins
(EPA, 2008c).
Environmental Risk of PCP
There are several environmental risks attributed to PCP should be taken into
consideration. This chemical was classified as a “probable human carcinogen” at FIFRA
(Federal Insecticide, Fungicide, and Rodenticide Act) Science Advisory Panel and
Science Advisory Board joint meeting in 1990 (EPA, 2008c; Levien et al., 1994).
However, pentachlorophenol is not an environment threat if used properly.
Pentachlorophenol has a relatively high acute toxicity to animals, but it is metabolized
very quickly. Human exposure routes are dermal, inhalation or oral, with the first two
routes being the most likely way of entry. The symptoms of PCP toxicity are an increase
in body temperature which disturbs enzymatic activity in the body and damages to organs
and tissues, such as liver, thyroid and the immune system damage which eventually can
lead to death. However, studies have shown that 50% of the PCP in the human body is
eliminated in 10 hours to 20 days after exposure (ATSDR, 2001; EPA, 2008a). In aquatic
organisms PCP is also acutely toxic at 1 ppm LD50 which is a lethal dose that kills 50%
6

of population in a single administration. PCP is also potentially a very phytotoxic
chemical for most plants but because it is lipophylic absorption and translocation is not
considerable in plants. Most of the absorption is from leaves when it is sprayed as a
pesticide on the air. In a study by Hauque et al (1978) the fate of PCP in a rice field
where it was applied as a herbicide was treaced. The results showed that the plants
absorbed the [14C] PCP and 90% of extracted radioactivity was unchanged PCP.
Therefore, they concluded that PCP was metabolized slowly in the plants if absorbed.
PCP Applications and Regulation
There are over 160 million utility poles in service in North America.
Pentachlorophenol with a 50% market share is the major chemical for the treatment of
utility poles (Morrell, 2003). Ultimately, these products must be removed from service.
EPA has approved several methods for disposal of PCP treated wood, including landfill
disposal and incineration/thermal pyrolysis. These disposal options create concerns
because of their high costs and formation of hazardous byproducts (Kao et al., 2005). As
current methods for PCP disposal become more restricted, bioremediation technologies
are being considered as a viable alternative for disposal of PCP treated wood.
Pentachlorophenol need to be dissolved in petroleum based hydrocarbons (mostly
diesel fuel) before it can be impregnated into wood. For treatment of utility poles a 510% solution of PCP dissolved in a diesel/co-solvent system is used by most treators.
One co-solvent called KB3 is widely used commercially with in treating solutions at a
concentration of 10%. KB3 is a ketone still bottom product and conforms to the AWPA
P9 Type A standard solvent for PCP.
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The empty cell process is used for treatment of PCP treated utility poles. This
process is designed to provide relatively low solution retentions while still achieving PCP
retentions in the range of 0.3- 0.45 pcf (pounds per cubic foot). Currently, the only
approved method of PCP application is pressure treatment with the product being
restricted to exterior uses. The US EPA in a re-registration eligibility decision for PCP
Case 2505, 2008 (EPA, 2008c), restricted the application of PCP treated wood for use
only in “heavy duty” cases where the wood is treated in specialized high pressure
treatment cylinders rather than non specialized methods like brush or dip. This ruling also
specified that the treated product is restricted to exterior uses and that it could not be used
for residential home and farm construction.
US EPA requires a “Toxicity Characteristic Leaching Potential” (TCLP) on PCP
treated wood for disposal. The TCLP analysis simulates landfill conditions for PCP and
other wood preservatives. Over time, water and other liquids percolate through landfills.
The percolating liquid often reacts with the solid waste in the landfill, and may pose
public and environmental health risks of the contaminants it absorbs. The TCLP analysis
determines which of the contaminants identified by the EPA are present in the leachate
and their concentrations. The maximum permissible level for PCP leaching in accordance
with RCRA is 100mg/l.
PCP Biodegradation
PCP is the most recalcitrant among the simple chlorinated phenols (McAllister et
al., 1996; Tuomela et al., 1998); however, it is degradable. Environmental factors are
very important in determining the degradation rate of the PCP which include temperature,
oxygen, nutrient availability, pH, moisture content, organic matter concentration and
8

presence of the other contaminants. Microorganisms, considered to be the main PCP
degraders, should also be present in that environment. Bioavailability is also an important
factor and means that PCP should be in an available form to the microorganisms to
degrade (Diehl and Borazjani, 1998). Pentachlorophenol degrades under both aerobic and
anaerobic conditions. In aerobic conditions, PCP is used as a sole source of carbon and
electron exchange for microorganisms. In polychlorinated phenols (3 to 5 phenols) the
first step is to degrade to intermediate products (chlorohydroquinones) or removal of the
chlorine; then further chlorine removal and finally rings cleavage (Figure
2.1)(Solyanikova and Golovleva, 2004).

Figure 2.1

Aerobic degradation pathway of Pentachlorophenol by bacteria (Steiert and
Crawford, 1985)
9

Figure 2.2

Anaerobic degradation pathway of Pentachlorophenol (Londry and
Fedorak, 1993; Mikesell and Boyd, 1986; Uotila et al., 1992)

Also, under aerobic conditions a wide variety of fungi and yeasts are capable of
cometabolizing chlorophenols; among them Ascomycetes, Basidiomycetes, Zygomycetes
and Deuteromycetes have shown to be effective in degradation of PCP (Field and SierraAlvarez, 2008). Under anaerobic conditions pentachlorophenol will undergo a reductive
de-chlorination process in the presence of suitable electron donors. The most common
reductive de-chlorination pathways are ortho-, para- and meta-dechlorination (Figure
2.2).
Bioremediation of PCP
Disposal of PCP contaminated materials in landfills, impoundments or land
applications are restricted by Land Disposal Restrictions under the Resources and
Conservation Recovery Act (RCRA) in the United States. For remediation of soil
10

contaminated with PCP the Best Demonstrated Available Technology (BDAT) must be
used. Alternatives limited to either incineration or bioremediation. Incineration is highly
controlled combustion of organic waste in furnaces. Although, this method is a highly
effective technology, it also generates some hazardous gases like dioxin and furans which
are of environmental concerns and is also costly. As result of these limitations
bioremediation of PCP could provide the best logical solution. Bioremediation as a
successful alternative for treatment of sites contaminated with wood treating chemicals
has been considered a viable method since the 1980s (Borazjani and Diehl, 1998;
Madsen, 1991). Bioremediation methods used for treatment of contaminated soil are
highly dependent on the remediation goals and are highly site specific. Soil type, size of
contaminated area, concentration and chemical composition of pollutants, and geological
and biological characteristics of soil are important factors for choosing an appropriate
bioremediation technology. Currently, the most widely used technologies for
bioremediation of contaminated soil with organic wood preservative pollutants are land
farming treatment, biopiling, bioventing, biosparging and bioslurry reactors.
Land farming
Land treatment is defined by RCRA as “the hazardous waste technology
pertaining to application and/or incorporation of waste into the upper layer of soil in
order to degrade, transform or immobilize hazardous constituents contained in the applied
waste”. Land farming is one of the most common technologies. Soil is treated by this
method either “in-situ” means in the site or “ex-situ” means transfer to a site that is
prepared for this application. Several successful land farming projects for removal of the
PCP from soil are discussed below.
11

A land farming project was conducted in a huge roofed land farm in Joplin
Missouri. The contaminated site was approximately 70,000 m2 and was contained both
creosote and PCP. The site was equipped with a sprinkler system to keep the moisture in
a desirable range for microbial activity. Turkey manure was added as a nutrient and
aeration was provided by tilling the site twice weekly. Also, the land was carefully
designed for bioremediation. The results showed 86% and 51% reduction in PCP and
PAH concentration, respectively, within one year (Borazjani et al., 1998).
In another study located in Wiggins MS (McGinnis et al., 1991), bioremediation
of PCP and creosote contaminated soil was evaluated. This study consisted of nine 24×5
m cells sloped 0.5% to a drainage sump at one end of each cell. Each cell had a controlled
irrigation system. Square glass brick lysimeters were buried at different depths in
different locations of the cells. The water in the sump drained to a storage tank and was
filtered before discharge. A mixture of sawdust and chicken manure was added to the
cells. The cells were loaded with creosote and PCP containing waste. The cells were
loaded three times over a 10-month period. The soil was tilled frequently during the
study. The results showed that PAHs and PCP concentration decreased significantly after
2 years. PAHs and PCP degraded 53ppm and 10.5ppm, respectively.
In a lab and pilot scale study (Edgehill and Finn, 1983), the degradation of PCP in
soil inoculated with Arthrobacter (ATCC3390) and PCP concentration was evaluated on
laboratory and outdoor pilot scale studies. In the lab scale study soil was mixed with 1 ml
aliquot of a 0.1% PCP mineral salts stock solution; then, treated with culture fluid from
the continuous culture of selected bacteria. The results showed a one day half life for PCP
in inoculated treatments compared to 12-14 days in uninoculated treatments. In the pilot
scale study an inoculation test was conducted in an outdoor shed to evaluate the PCP
12

degradation rate in an environment closely approximating ambient conditions. The PCP
was added to the soil to produce a 34 kg/ha of PCP. Selected plots were inoculated with
chemostat culture fluid containing PCP-degrading bacteria. The result showed 85%
reduction in PCP in inoculated treatments in 12 days while control plots showed 25%
PCP reduction.
Biopiling
Biopiling is another technology for bioremediation of soil contaminated with
organic wood preservatives and is similar to land farming. However in this technique the
soil is not tilled but is ventilated with pipes that are situated in the soil to provide oxygen
for microbial activities.
A project based on this method (McGinnis et al., 1992) was conducted at Lake
City, FL. Soil piles 50×20×2.5 deep were constructed. The contaminated soil came from
two PCP wood treating sites. Soil was mixed with sawdust and chicken manure as
bulking agent and nutrients, respectively. Perforated PVC was placed in the pile and
connected to an electric blower. Soil temperature and moisture content were monitored
and adjusted carefully to provide optimum condition for microbial activity. Results
showed a 432 (mg/kg) PCP reduction in 242 days compare to 423 (mg/kg) reduction of
PCP in 339 days in an unvented control soil.
Bioventing and Air Sparging
These remediation methods apply in-situ injection of low flow air into unsaturated
soil to stimulate aerobic biodegradation of contaminants by providing oxygen. Air
sparging or biosparging is the injection of low flow air below the water table level to
enhance volatilization and adsorption of contaminants and also act as an oxygen source
13

for microbial activities. Biosparging uses higher air injection rates compared to
bioventing. These methods are cost effective because they don’t require a lot of tilling
and excavation and treatment of off-gas. Success of these methods depends on the air
flow through the soil, indigenous microorganisms, and concentration, type, and extent of
contamination.
Bioslurry
This technology is based on the treatment of contaminants in an aqueous soil
suspension which increases the bioavailability of contaminants for microorganisms.
Suspensions ranging from 30-50 percent dry solids by weight are typical.
In a successful demonstration of full-scale slurry PCP, the PCP sludge was treated
at a slurry lagoon site in Tennessee. The results showed that PCP concentration decreased
from 687 mg/kg to 12.3 mg/kg and from 64 mg/kg to 0.8 mg/kg in solid sludge and slurry
phase, respectively (EPA, 1990).
PCP Carriers
The main goal of treating wood products is to provide resistance against
biological deteriorating agents and extending the life of wood products when they are in
service. Different factors are important in efficacy of wood preservatives (active
chemicals). These factors are the treatment techniques, wood species, temperature and the
carriers that are used in wood treating. In the case of PCP, diesel is the predominant
carriers. Several studies have been conducted to evaluate the potential effects of carriers
on the efficacy of treated wood products and are discussed below.
In a 5-year study the efficacy of pentachlorophenol treated wood products with
different oil carriers was tested in two test fields located in southern MS. The carrier
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contained 90% fuel oil and 10% KB3 which was diluted with different volumes of
toluene. The results showed that increasing the oil/KB3 content had a positive effect on
efficacy of wood treated with pentachlorophenol (Barnes et al., 2006).
In another study the performance of four wood preservatives including copper
naphthenate and PCP was evaluated with different oil/KB3 contents in a soil block test
and also field test at Saucier MS preservative depletion was also tested. This study
showed that type of carrier oil had a significant influence on the efficacy of organic wood
preservatives. The results also showed that the use of residual type carriers decreased
biocide depletion. (Nicholas, 1988).
Another study investigated the effect of different petroleum solvents on the
performance of wood treated with and without PCP. The results indicated that wood
treated with PCP and residual type carriers like heavy gas oil have better performance
than non-residual type carriers and indicates that these oils by themselves have some
level of toxicity against microorganisms in addition to the toxicity of active biocides in
the formulation containing PCP (Gjovik and Gutzmer, 1985).
The performance differences attributable to different solvents are attributed to
three main factors. First, they have some level of toxicity that could enhance the biocide
effectiveness (Duncan, 1957; Vaughan, 1947). Intrinsic biocidal activities of carriers
have been demonstrated in some studies. It has been shown that some residual aromatic
components of the oil carriers are effective against the basidiomycetes fungi (Vaughan,
1949). The overall contribution of these chemicals are unknown; however, some wood
preservatives formulations containing PCP have been shown to have better performance
by using highly aromatic hydrocarbons than light oils (Nicholas et al., 1994).
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Second, these carriers could play a role in the depletion of the wood preservative
from wood. In studies that measured the depletion of PCP in regard to carriers, results
showed that increasing the PCP solvency in carriers, increasing the oil surface tension,
and using aromatic type oils decreased the depletion rate of the PCP. Good solvency of
the PCP could provide better penetration, distribution and deposition of the PCP in wood
cell walls and microstructures fixation, making them more effective (Arsenault, 1970;
Arsenault et al., 1984; Baechler and Roth, 1962; Walters and Arsenault, 1971).
Finally, the type of carriers can influence the distribution of the preservative in the
wood structure. This could be attributed to the gravitational movement of the
preservatives with carriers to the critical areas in utility poles especially to the areas that
are in contact with soil. As a result, the concentration of the preservatives in critical areas
will provide better protection of the wood in service (Walters and Arsenault, 1971).
When pentachlorophenol was developed as a wood preservative, it was
formulated with petroleum solvents. The higher boiling fraction of these oils remains in
the wood and contributes to the performance of the preservative system. The current
AWPA P9-A standard recognizes this factor by requiring minimum physical property
criteria covering distillation ranges, viscosity, pentachlorophenol solvency, etc. The main
purpose of these requirements is to insure that some of the oil remains in the wood in
order to minimize the depletion of PCP (Nicholas, 1988). In the 1960s another heavy oil
system that conforms to AWPA standard P9-A was introduced into the market. In this
system diesel fuel and high molecular weight hydrocarbon still bottoms (mainly ketones
and alcohols) have been used which provide adequate solvency for PCP for this
formulation.
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In a study by Nicholas et al (1994) the performance of the wood treated with PCP
in different types of heavy oils was evaluated. The main purpose of this study was to
determine which factors in the oil carriers were correlated with the performance of PCP
in the treated wood. Nine formulations were used as carriers for pentachlorophenol for
treatment of the wood. The results suggested that the most important factors are the oil’s
inherent biocidial properties and its impacts on the depletion of wood preservatives. The
oil’s composition was more important in the inherent toxicity of the oil than the total
amount of the aromatic components. On the other hand the results showed no consistent
correlation between the physical properties of carrier oil and PCP depletion.
Biodiesel
Biodiesel is derived from renewable biological sources such as animal fats and
vegetable oils. Biodiesel relatively has low toxicity and is biodegradable. Also, it has a
low emission profile and consequently is environmentally beneficial (Krawczyk, 1996).
One hundred years ago, Rudolf Diesel tested vegetable oil as fuel for his engine.
However, with the advent of petroleum production and fractionation of the crude oil it
was found to be more economical a result of the diesel engine and diesel as fuel was
evolved together. In the 1930s and 1940s vegetable oil was used as diesel fuel in
emergency situations.
Recently, because of the increases in crude oil prices, limited resources of fossil
oil and environmental concerns, there has been a renewed focus on vegetable oils and
animal fats for biodiesel production. In addition the fact that the increased use of
petroleum negatively impact air pollution and magnifies global warming problems caused
by CO2 emissions (Shay, 1993) also stimulates the desire to use biodiesel. In some cases,
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such as the emission of pollutants in closed environments like underground mines,
biodiesel has the advantage because of its the lower potential of pollutant emission and
probable carcinogens (Krawczyk, 1996).
Beginning in 1980 there was considerable interest in the use of vegetable oil as a
fuel. Bartholomew (1981) addressed the concept of using food for fuel, indicating that
petroleum should be the alternative fuel rather than vegetable oil and alcohol and some
form of renewable energy must be found to take the place of non-renewable resources.
The most revolutionary work with sunflower oil occurred in South Africa because of the
oil embargo. Caterpillar Brazil, in 1980, used pre-combustion chamber engines with a
mixture of 10% vegetable oil to maintain total power without any change or adjustments
to the engine system. At that point it was not practical to substitute 100% vegetable oil
for diesel fuel, but a blend of 20% vegetable oil for diesel fuel was successful
(Bartholomew, 1981).
In some countries like Brazil where it has been is compulsory since 2008 to use
2% biodiesel in mineral diesel and a 5% biodiesel blend is mandatory by 2013. Although,
biodiesel fuel has the same function as diesel it has very distinct origins and
compositions. Biodiesel is composed of methyl or ethyl esters of fatty acids with low
structural complexity such as oleate, palmitate, esterate, linoleate, myristate, laureate and
linolenate are derived from different vegetable oil sources such as soybean, sunflower,
cotton, etc (Pinto et al., 2005). On the other hand, diesel is extracted from the middle
distillate fraction of the petroleum consists of a complex mixture of 2000 to 4000
hydrocarbons containing branched and cyclic alkanes and aromatic compounds (Gallego
et al., 2001).
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Biodegradability of Diesel and Biodiesel Blend
Besides the recognized environmental benefits related to biodiesel combustion
(less emissions of CO2 , CO, SOx, volatile organics, and non volatile organics), the
differences in its composition also could influence the biodegradability. Biodiesel
presents advantages for bioremediation of sites contaminated through spills because it has
already been demonstrated that biodiesel is more easily biodegradable and less toxic than
diesel oil (Khan et al., 2007; Lapinskiene et al., 2006; Pasqualino et al., 2006; Zhang et
al., 1998). Furthermore, some of these studies indicated that the biodegradation of diesel
could be accelerated by the presence of the biodiesel due to the co-metabolic activity of
microorganisms and its ability to dissolve crude oil and derivatives increasing
bioavailability and consequently the degradation rates of these components (He et al.,
2005; Mariano et al., 2008; Pasqualino et al., 2006; Wu et al., 2010).
In one study the potential co-metabolic transformation processes of diesel and
gasoline in the presence of biodiesel was evaluated. Viscosity and density of the pure
compounds and mixture was measured to evaluate the capability of oil collected from the
contaminated areas. CO2 evolution during biodegradation was also measured which
considers CO2 as a prevalent indicator of organic substrate degradation, where the CO2
produced is proportional to the carbon substrate used by microorganisms. In all mixtures
the synergistic activity of the biodiesel was confirmed. Thus, co-metabolism was shown
to be a factor which enhances degradation of diesel fuel and gasoline. Based on this study
the authors suggested the addition of biodiesel for remediation of residual fossil fuel in
contaminated sites (Pasqualino et al., 2006).
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Mariano et al (2008) evaluated the biodegradability of biodiesel and diesel blends
with different ratios (2%, 5% and 20%) in two aquatic and soil environments. The highest
degradation rate was observed in blends with higher concentration of biodiesel.
In another study the addition of nitrate and phosphate as nutrients together with
biodiesel in coal tar contaminated soil were tested. The addition of diesel in different
ratios to biodiesel was evaluated. The results showed that there were not apparent
differences in the addition of the PAH degradation by the nitrate and phosphate; but,
biodiesel and diesel blends increased the depletion of PAHs, especially 2 and 3 rings
compounds. Also, some depletion occurred in 4 ring components. The authors explained
that biodiesel and diesel solubilized the PAHs, thus increasing bioavailability of PAHs
and enhancing the degradation rate. Moreover, biodiesel was less toxic and readily
biodegradable, which was an environmental advantage in comparison to diesel.
Therefore, it was concluded that this technique could be considered as an alternative for
remediation of PAH contaminated sites (Taylor and Jones, 2001).
In consideration of the fact that solubility increased the aromatic component
degradation rate, the removal of PAHs with three solubilizing agents was evaluated.
Degradation of PAHs in biodiesel, hydroxypropyl-β-cyclodenxtrin (HPCD) and Tween
80 were used in a manufactured gas plant site in Beijing, China as well as PAH spiked
soil study in the laboratory. Overall, biodiesel showed very high efficiency in removal of
low and high molecular weight PAHs at higher concentrations in both spiked soil and
contaminated sites compared to HPCD and Tween 80. In addition, biodiesel solubilized a
wider range of PAHs compared to the other solubilising agents at the contaminated site.
Biodiesel facilitated dispersion and prevented incorporation of PAHs in to the soil. The
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authors recommend biodiesel for remediation of highly PAH contaminated sites as a
cheap, non-toxic and biodegradable solubilizing agent (Wu et al., 2010).
Biodiesel was also used as a bioremediation agent for a heavy oil spill in a
contaminated sea shore in north Spain. The heavy oil residues were firmly attached to the
rock surface. Biodiesel was effective in accelerating the degradation of the PAHs on the
rocks. Also, some water soluble amendments containing bacteria and fertilizer were used
in this study. Amendment of the treatments with fertilizer as a nutrient and
microorganisms did not accelerate the degradation of PAHs, but the addition of biodiesel
enhanced the removal of aliphatic and aromatic fractions of residual fuel oil while
degradation of PAHs was increased up to 20% after 60 days (Fernández-Álvarez et al.,
2007).
Efficacy vs. Biodegradability of PCP by Using Biodiesel
One problem with using diesel/KB3 for treatment of wood products such as utility
poles is that KB3 is a high molecular weight hydrocarbon and is very recalcitrant.
Therefore, it is an environmental concern at the time of disposal of PCP treated wood.
Production and application of biodiesel is increasing. Accordingly, biodiesel is
used as components in P9 Type A oil as a pentachlorophenol co-solvent for treatment of
wood products. But, the effect of this additive in wood treating systems on the
performance of wood product has not been fully tested (Morrell and Freitag, 2010). Also,
it has been suggested by Nicholas et al. (1994) that one way for evaluation the effect of
additives in to measure the depletion of pentachlorophenol (an important factor in
performance of the this preservative) from treated wood.
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Biodiesel as a carrier for copper naphthenate has shown poor performances.
Copper naphthenate formulated with diesel diluted with 10%, 20% and 30% biodiesel
and diesel alone was tested in a soil block decay test. In this study the efficacy of mixed
carriers was tested by using two brown rot fungi which were copper tolerant. After 12
weeks the weight loss of wood blocks was measured to determine the effectiveness of the
preservative systems. The results showed that good efficacy was obtained with diesel fuel
as the solvent for copper naphthenate, whereas poor performance was appeared when
biodiesel was used. Therefore, it was concluded that biodiesel was not a suitable solvent
system for copper naphthenate (Morrell and Freitag, 2010).
There is very little information on the use of biodiesel as a carrier or co-solvents
for PCP. However, there is a hydrocarbon based solvent system carriers being sold under
the trade name FP9-HTS that uses biodiesel as a co-solvent for organic wood
preservatives (Morgan, 2010). When FP9-HTS formulation was tested in a soil block test
with other traditional AWPA P9 Type A solvent systems such as No. 2 diesel and
Eastman KB3 co-solvent FP9-HTS performed as well or better than the traditional
solvents. Threshold values for PCP were comparable for most solvent systems meeting
P9 Type A physical characteristic standard. Also, the efficacy of PCP was marginally
better in FP9-HTS solvent compared to No. 2 diesel and KB3 co-solvents. AWPA E-11
test was also used for measuring the relative leaching of PCP in water. The results of this
test showed that most combinations of P9 Type A oil performed very similarly; however,
FP-HTS oil showed better performance (less water leaching) of all tested oils. An AWPA
E-20 test, which is an indicator of the effect of soils on the leaching of PCP with different
solvents, was conducted and showed that FP9-HTS performed better than No. 2
diesel/KB3 in Douglas fir. Based on this and other tests the author concluded that FP922

HTS solvent had the same or better efficacy, lower depletion rate of PCP, the same
corrosion and generally as good or better performance than traditional P9 Type A
solvents (Morgan, 2010).
As mentioned earlier, biodiesel is widely believed to be more environmental
friendly than petroleum based diesel. Many studies have shown that biodiesel could
accelerate biodegradability of diesel by means of increasing bioavailability of this
compound or co-metabolic transformation of diesel. Degradation of PCP also depends on
the environmental factors such as the presence of organic matter and source of carbon. As
mentioned earlier biodegradation of pentachlorophenol by co-metabolic transformation
could be another factor that might enhance the biodegradation rate of PCP in the presence
of biodiesel. Furthermore, biodiesel in this treatment system could have a crucial role in
accelerating biodegradation of both active preservative compounds (pentachlorophenol)
and residual treatment solutions (diesel) at the time of disposal of disposal of the treated
wood products. Moreover, it could replace KB3 and similar co-solvents which are
considered to be an environmental concern at the time of disposal of treated wood.
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CHAPTER III
MATERIALS AND METHODS
Biodegradation Experiment
Treatments Preparation
Uncontaminated soil from a forested area was used in this study. The soil was air
dried for twenty four hours and then screened with a six mesh screen (3.35mm) to
remove clumps, plant roots, stones and large debris. Background elemental analysis of
this soil is listed in Table 3.1.
Number 2 fossil fuel (diesel) was obtained from Shell Company of Australia.
Biodiesel used in this study was manufactured by BioPreserve Company (Erie, PA). One
milliliter of selected concentrations of diesel, KB3 and biodiesel was mixed with air dried
clean garden soil (Table 3.2). Then one ml containing fifty mg technical grade PCP in
acetone was added to the soil to provide a 500 mg/kg PCP concentration in soil for
selected treatments. One set of soil samples that contained uninoculated soil represented
controls. Each treatment had three replicates. Mixed soil was put into 250 ml glass jars
(Figure 3.1). The lids of the jars were pierced for free air exchange and the jars were
placed at room temperature for six months. Moisture adjustment and aeration were
provided twice weekly by adding deionized water and mixing to maintain soil moisture
content of approximately fifteen percent wt/wt. Fifteen grams of soil were taken at
bimonthly intervals for PCP analysis, oil and grease determination and microbial
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enumerations. TCLP and Microtox tests were performed only on days zero and 180.
Analysis and tests schedules are shown in Table 3.3.
Table 3.1

Chemical composition of the soil

Extractable nutrient level (mg/Kg)
P

K

47.5

55.5 720 86.5 3.7

Table 3.2
Samples ID

Ca

Mg

Zn

S

Na

173.5 36

TKN
TOP Total
Total
Organic
Organic
Kjeldah pH
Ash
Phosphoru
Matter
Nitrogen
(%)
s (mg/l)
(%)
(mg/l)
2800
163
4.9 2.41
74.3

Chemical composition of treatments used in study
Treatment

Diesel (g/Kg KB3 (g/Kg Biodiesel
PCP
of soil)
of soil)
(g/Kg of soil) (g/Kg)

Control (unamended
0
0
0
Soil)
DK
Diesel+KB3
9
1
0
BD (7:3)a
Diesel+Biodiesel
7
0
3
DKP
Diesel+KB3+PCP
9
1
0
BDD (1:1)
Diesel+Biodiesel
5
0
5
BDP (7:3)
Diesel+Biodiesel+PCP 7
0
3
BIO
Biodiesel
10
0
0
PBIO
Biodiesel+PCP
10
0
0
a
numbers in parenthesises are the ratio of diesel, biodiesel and KB3
C

Table 3.3

Sampling and test schedule for biodegradability experiment
Tests

Interval

PCP determination

Bimonthly

Oil and grease

Bimonthly

Microorganisms’
population

Bimonthly

Toxicity

Day 0 and final

TCLP

Day 0 and final
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0
0
0
0.5
0
0.5
0
0.5

Methylene Chloride Extraction Process
Soil samples were extracted using Soxhlet extraction SW-846 modified version
of USEPA method 3540A (Brilis and Marsden, 1990). The Soxhlet extraction was
accomplished by mixing ten grams of soil samples with fifteen g of sodium sulfate and
placing the mixture into 30mm x77mm extraction thimbles. Each sample was extracted
with 250 ml of methylene chloride Fisher Scientific) for eighteen hours (Figure 3.2).

Figure 3.1

Experimental unit using 250 ml glass jars with pierced lids
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Figure 3.2

Soxhlet extractions of soil samples

Following extraction samples were condensed to 5 ml by on a hot plate, then,
transferred to test tubes and kept in a refrigerator 4°C for further analysis.
Oil and Grease Concentration
Oil and grease concentration was determined using a modified version of
Standard Method 5520-F (Clesceri et al., 1998). Two ml of methylene chloride extract
from soil samples were put in pre-weighed 50ml flasks, and placed in a fume hood to
evaporate the methylene chloride. The difference between initial weight and final weight
was calculated as the amount of the oil and grease.
PCP Concentration
Five hundred µl of condensed extract was placed in a two ml autosample vial
followed by 100 l of N, O-bis (trimethylsilyl) trifluoroacetamide (BSFTA) as a
derivatizing agent and left at room temperature for two hours to complete derivatization.
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Figure 3.3

Agilent 6890 GC system

Hexane (400 l) of was added to make the final volume 1ml and analyzed by Gas
Chromatography (GC). PCP concentration was determined according to EPA Method
8041(EPA, 2007) using an Agilent 6890 gas chromatograph equipped with a 63Ni
electron capture detector and an Agilent Ultra II capillary column (Figure 3.3). The
injector temperature was 250ºC, the column temperature was 175ºC, and the detector
temperature was 315ºC. The helium flow rate through the detector was 1.5 ml/min.
Media Preparation and Microbial Population
The culture media for bacteria enumerations were: nutrient agar (NA) (Difco,
Decton, Dickson and Company, Sparks, Maryland) 23 g in one liter of deionized water;
NA amended with 5mg/L of (P) pentachlorophenol and potato dextrose agar with
antibiotics (PDAA) (Difco, Decton, Dickson and Company, Sparks, Maryland), 39 g in
one liter of deionized water amended with 120mg/L of streptomycin sulfate (Nutritional
Biochemical, Cleveland, Ohio) and 30mg/L of chlortetracycline hydrochloride
(Nutritional Biochemical, Cleveland, Ohio). The Media were autoclaved for twenty
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minutes at 15 psi and 120° C; then, antibiotics and PCP were added to the liquid after
cooling to 55°C in preheated water bath. Approximately 25 ml of each liquid medium
were dispensed into the disposable Petri dishes using Wheaton’s Unispense II (Wheaton
Instruments, Millville, New Jersey) under a sterile hood. The Petri dishes were left under
the sterile hood at room temperature overnight until the media solidified. To enumerate
bacteria and fungi in samples, the serial dilution plate technique was employed. Three
grams of soil were taken from three different points in each jar and mixed thoroughly in
sealed plates. One gram of soil sample was added to nine ml sterile deionized water and
mixed well. Appropriate dilutions were made for each sample. Two hundred and fifty µl
from appropriate dilutions of the microbial suspension was spread on duplicate plates of
nutrient agar (NA) and nutrient agar amended with PCP (P) for PCP tolerant bacteria and
potato dextrose agar antibiotics (PDAA) for fungi. The plates were incubated two to four
days at 28ºC. After incubation the colonies on each plate were counted, averaged and
multiplied by a dilution factor.
Toxicity
Microtox model 500 toxicity auto analyzer (Microbics Corporation, Carlsbad,
California) was used to measure the toxicity of soil samples (Figure 3.4). The toxicity
analyzer measures the concentration of toxic substance needed to decrease the light
output of a luminescent bacteria, Photobacterium phosphoreum, by 50% (effective
concentration, EC50). One gram of soil sample and 9 ml of deionized water were placed
in a test tube and sonicated for ten minutes to extract the soil samples; then allowed to
stand overnight in refrigerator. Test tubes were centrifuged for twenty minutes at 50,000
rpm. The pH of the solution was adjusted to 6-8, if needed using 0.1 M sodium hydroxide
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or hydrochloric acid. Two hundred and fifty µl of Microtox Osmotic Adjusted Solution
(OSA) (SDIX, Newark, Delaware) was mixed with 2.5 ml of extracted samples in
Microtox cuvettes and placed in Microtox cooling wells to reach a target temperature of
15°C.The bacterial solution was made by adding one ml Microtox Reconstitution
Solution (SDIX, Newark, Delaware) to the freeze dried bacterium, Microtox Acute
Reagent (SDIX, Newark, Delaware) and cooled to 15°C prior to use. Both Microtox
Basic Test and 100% test was used for these samples to determine which test was must
suitable for these samples. The 100% test is used for samples lower high toxicity while to
basic test is used for samples with higher toxicity. The results showed that the basic test
works better in this case. In Basic Test Method, 1.5 ml of extracted samples is mixed
with OSA then three sequential two fold dilutions were made into 1.5 ml of Microtox
diluents (SDIX, Newark, Delaware). Ten µl of bacterial solution was added to 10
cuvettes (2 each for the original solution, dilution and blank). The intensity of the bacteria
in each cuvette was measured prior to the addition of the sample extract and 5 and 15
minutes after the addition of the 500 µl of the sample extract.
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Figure 3.4

Microtox analyzer

Toxicity Characteristic Leaching Potential (TCLP)
The leaching characteristics of the soil were determined using a modified version
of the EPA TCLP procedure (EPA, 1986). This analysis is used to determine if certain
contaminants that migrate from waste and is above certain concentrations, and if so they
are considered hazardous. The steps include the determination of the appropriate
extraction fluid to use. If the pH of the sample is <5.0, extraction fluid #1 is used. If the
pH of the sample is >5.0, extraction fluid #2 is used. In this study because the pH of the
soil samples were >0.5, extraction fluid #2 was used. It was prepared by adding 5.7 ml
glacial acetic acid in 1000 ml of deionized water. The pH of the solution should be
2.88±0.05. The Extraction volume should be twenty times of the dry weight of the
sample. Dry weight of the ten g soil samples with almost 20% moisture content were
eight g which required 160 ml of extraction fluid #2. Soil samples were mixed with
extraction fluid #2 in 1000 ml amber bottles. The lids closed tightly and then the samples
were rotated for fifteen hours. The solutions were then filtered. The pH of the solution
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adjusted to 2.0 by adding five drops of sulfuric acid. Then solutions were extracted using
100 ml of methylene chloride in 500 ml separatory funnels. The methylene chloride
extract was filtered through sodium sulfate contained in paper filters No. 114 Whatman
then, this filtrate was collected and condensed to 5 ml in flat bottomed flasks, and
transferred to test tubes for further analysis. Gas chromatography EPA Method
8041(EPA, 2007) was used for determination of PCP in the leachate.
Statistical Analysis
The microbiological, toxicological and analytical results from this experiment
were statistically analyzed by using a completely random design with three replications
for each treatment. Tukey’s multiple comparisons test was used to compare treatment
mean differences at P=0.05. Data was processed by SPSS (Statistical Package for the
Social Sciences) statistics software.
Efficacy Evaluation Experiment
Sample Preparation
In this the experiment, 110 test decay sticks measuring 3 mm x 14 mm x 200 mm
were cut from southern yellow pine sapwood. These sticks were treated with diesel (Shell
Company of Australia), KB3, biodiesel (BioPreserve Company, Erie, PA) and their
mixtures containing different ratios with and without selected PCP concentrations. The
number of replicates, treatment formulation and PCP retention values are given in Table
3.4. These chemicals were impregnated onto the sticks by vacuum/pressure method. Ten
untreated sticks were kept as controls. A 50 mm section from each end was cut and
reserved for further analysis. Modulus of Elasticity (MOE) of these sticks was measured.
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For evaluation of the wood preservatives in soil contact, standard method E23-07
AWPA (AWPA, 2008) was used. Soil used in this experiment was clean soil collected
from a forested area. The soil was spread on plastic and air dried under a hood for 24
hours. A Number 6 mesh screen (3.35 mm) was used to separate clods and trash as
describe earlier.
Sticks were placed in plastic cups and covered with the soil (Figure 3.5) and
placed in chambers set at 43% relative humidity at 28°C for two years. Experimental
units were monitored weekly by adding deionized water to maintain the moisture content
of the soil around 20% and the moisture content of the wood sticks between 40% to 60%.
Sampling and tests schedule for this section of study are shown in Table 3.5.

Figure 3.5

Experimental unit efficacy test
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Table 3.4

Sticks identifications and treatments of wooden sticks for efficacy
evaluation

Treatments
Numbers

Components

Target PCP
retention
(pcf)

Stock Solution g

Toluene g

PCP%

-

-

-

-

21-30

A*
90:10
B**
70:30
A 60g

240g

5

Solvent
control
Solvent
control
0.3

31-40

A 40g

260g

5

0.2

41-50

A 20g

280g

5

0.1

51-60

A 10g

290g

5

0.05

61-70

B 60g

240g

5

0.3

71-80

B 40g

260g

5

0.2

81-90

B 20g

280g

5

0.1

91-100

B 10g

290g

5

0.05

101-110

-

-

-

control

1-10
11-20

*Stock solution A: 90g Diesel and 10g KB3 in 500g Toluene
**Stock solution B: 70g Diesel and 30g Biodiesel 500g Toluene
Table 3.5

Sampling and test schedule for efficacy evaluation experiment
Test

Interval

Wood PCP determination

Day 0 and final

Oil and grease
soil microorganisms’
population
Wood toxicity

Day 0 and final
Every 3 months
Day 0 and final

Wood TCLP
Wood bending test
(strength loss)

Day 0 and final
Every 2 months
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Bending Test
Samples were removed from the cups bimonthly, wiped to remove excess soil,
and submerged in deionized water for one hour for Modulus of Elasticity (MOE) test. All
samples were fully saturated with deionized water by a vacuum /pressure process prior to
determining the initial MOE (AWPA, 2008).To prevent interchange between chemicals
of different treatments each treatment group placed in different plastic bags. All samples
were tested for MOE with the bending test apparatus by deflecting them 1.75mm (Figure
3.6). Bending test was run three times to establish an average unexposed MOE value.
This is a non-destructive test therefore, after bending test the wood sticks were return
back to the plastic cups for next period of aging.

Figure 3.6

Bending test apparatus unit

Methylene Chloride Extraction Process
A 0.5 g composite wood sample was made of ground wood stick from the center
of each wood stick in the same box. Then, one gram of the composite wood sample was
placed into a cellulose extraction thimble and extracted using methylene chloride (200ml)
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for soxhlet extraction according to USEPA method 3540 (Brilis and Marsden, 1990). The
extracts were condensed to three ml and transferred to test tubes for further analysis.
Oil and Grease Concentration
Oil and grease concentration was determined using modified Standard Method
5520-F (Clesceri et al., 1998). Two ml of methylene chloride extract from wood samples
were put in pre-weighed fifty ml flasks, which were then placed in a fume hood to
evaporate the methylene chloride. The difference between initial weight and final weight
was calculated as the amount of the oil and grease.
PCP Concentration
Five hundred µl of condensed methylene chloride extract was placed in a two ml
autosampler vial followed by 100 l of N, O-bis (trimethylsilyl) trifluoroacetamide
(BSFTA) as a derivatizing agent and left at room temperature for two hours to complete
derivatizing. Then, 400 µl of hexane was added to make the final volume to one ml to be
analyzed by Gas Chromatography (GC). PCP concentrations were determined according
to EPA Method 8041(EPA, 2007) using an Agilent 6890 gas chromatograph equipped
with a 63Ni electron capture detector and an Agilent Ultra II capillary column. The
injector temperature was 250ºC, the column temperature was 175ºC, and the detector
temperature was 315ºC. The helium flow rate through the detector was 1.5 ml/min.
Media Preparation and Microorganism Population
To enumerate bacteria and fungi in samples, the serial dilution plate technique
was employed. Three grams of soil were taken from 3 different points around sticks in
each decay chamber unit and thoroughly mixed. One gram of soil from these samples
was added to nine ml sterile deionized water and mixed for further dilutions. A 250 µl
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from selected dilutions of the microbial suspension was spread on duplicate plates of
nutrient agar for bacteria, nutrient agar amended with five ppm PCP for PCP tolerant
bacteria, and potato dextrose agar with antibiotics for fungi; dilutions were made as
needed. The plates were incubated for two to four days at 28ºC and colonies on each
plate were counted and averaged.
Toxicity
Microtox model 500 toxicity auto analyzer (Microbics Corporation, Carlsbad,
California) was used to measure the toxicity of wood and soil samples. Wood (0.5) was
cut from the center part of the exposed and unexposed wood sticks. Exposed wood sticks
were wiped to remove the excess soil. One Half gram of the sample from the center of
each stick was chopped and mixed to make one gram of chopped wood per box. Chopped
wood samples were ground and mixed with nine ml of deionized water in a test tube and
sonicated for ten minutes. The extracted samples were allowed to stand overnight in the
refrigerator and then centrifuged for twenty minutes at 50,000 rpm. The pH of the
solution was adjusted to 6-8, if needed using 0.1 M sodium hydroxide or hydrochloric
acid. The bacterial solution was made by adding 1ml Microtox Reconstitution Solution
(SDIX, Newark, Delaware) to the freeze dried bacterium, Microtox Acute Reagent
(SDIX, Newark, Delaware) and cooled to 15°C prior to use. Two hundred and fifty µl of
Microtox Osmotic Adjusted Solution (OSA) (SDIX, Newark, Delaware) was mixed with
2.5 ml of extracted sample in Microtox cuvettes and placed in the Microtox cooling wells
to reach target temperature (15°C). Microtox Basic test was used for these samples. Two
and one half ml of extracted solution was mixed with OSA, then three sequential two fold
dilutions were made into 1.5 ml of Microtox diluents. Ten µl of bacterial solution was
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added to 10 cuvettes (2 each for the original solution, dilution and blank). The intensity
of the bacteria in each cuvette was measured prior to the addition of the sample extract
and at 5 and 15 minutes after the addition of 500 µl of the sample extract.
Toxicity Characteristics Leaching Potential (TCLP)
The leaching characteristics of the soil and wood were determined using a
modified version of the EPA TCLP procedure (EPA, 1986). Extraction fluid #2 was used
for wood samples. One gram of composite wood sample was mixed with 20 ml of
extraction fluid #2 in 125 ml amber bottles, the lids closed tightly and rotated for 15
hours. The extracted solutions were filtered with No. 114 Whatman filter paper. The pH
of the solution was adjusted to 2.0 by adding one drop of sulfuric acid. The solutions
were then extracted using fifty ml of methylene chloride using 250 ml separatory funnels.
Methylene chloride extracts were filtered through sodium sulfate in No. 114 Whatman
paper filter and then, filtrate was condensed to five ml in flat round bottom flasks. The
final extracts were transferred to test tubes for analysis by gas chromatography using
EPA Method 8041(EPA, 2007).
Statistical Analysis
The wood strength loss from this experiment was statistically analyzed by using a
completely random design with ten replications for each treatment. Duncan’s multiple
range test were used to compare treatment mean differences at (P=0.05). Data processed
by SPSS (Statistical Package for the Social Sciences) program.
The chemical and microbiological results of this study were statistically analyzed
by using a completely random design with five replications for each treatment. Each box
contained two wood sticks and was considered to be one treatment. Tukey’s multiple
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range test was used to compare treatment mean differences at (P=0.05). Data processed
by SPSS program.
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CHAPTER IV
RESULTS AND DISCUSSION
Biodegradation Experiment
Oil and Grease Concentration
The results of oil and grease concentration are shown in Figures 4.1and 4.2.In all
treatments there was considerable reduction (over 79%) in oil and grease concentration
was occurred after 180 days (Figure 4.1). However, actual reduction of oil and grease in
the soil showed significant differences over time within treatments (Figure 4.2 and 4.3).
All treatments, except control, showed significant decrease in oil and grease between day
0 and day 60.
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Figure 4.1

Percent oil and grease reduction rate in soil during 180 days

Note: Different letters indicate significant difference in treatments

Figure 4.2

Oil and grease concentration in soil (mg/Kg)

Note: Different letters indicate significant difference in concentration at different time for
a given treatment
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Biodiesel (BIO) and biodiesel/PCP (PBIO) were the only treatments that did not
show significant decrease between day 60 and 120; but did significant decrease by day
180 (Figure 4.2). This behavior could be attributed to the synergic activities of
microorganisms by the addition of biodiesel to diesel in the degradation of hydrocarbons.
Another explanation for this result could be due to the increased solubility of diesel
components in the presence of biodiesel results in diesel compounds becoming more
available for the microorganisms. (He et al., 2005; Mariano et al., 2008; Pasqualino et al.,
2006; Wu et al., 2010).
PCP concentration
Changes in PCP concentration are shown in Figure 4.3 and Figure 4.4. The
highest rate of PCP reduction (31%) was observed in biodiesel (PBIO) and the lowest
(10%) reduction was observed in diesel/KB3 (DKP). Statistical analysis showed that
there were significant differences in the percent reduction of PCP concentration between
biodiesel (PBIO) only and treatments containing biodiesel / diesel (BDP) or diesel (DKP)
only (Figure 4.3).
The results of statistical analysis indicated that there were significant differences
in PCP concentration within the treatments over time and PCP concentrations
significantly decreased between day 0 and 180 days in biodiesel (PBIO) and
biodiesel/diesel (BDP) treatments while there was no significant difference in PCP
concentration between day 0 and 180 days in diesel alone (DKP) (Figure 4.4).
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Figure 4.3

Percent change in PCP concentration during 180 days exposure

Note: Different letters indicate significant difference in treatments
These results suggest that increasing the amount of biodiesel increases the
solubility of PCP which then increased bioavailability of PCP. Therefore, PCP was more
available for soil microbial degradation (Taylor and Jones, 2001).

Figure 4.4

PCP concentrations in soil at different time periods for various treatments

Note: Different letters indicate significant difference in time for a given treatment
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Microorganisms’ population
The results of microbial enumeration are shown in Table 4.1, 4.2 and 4.3. Overall,
the number of PCP acclimated and total bacterial colonies decreased (Table 4.1 and 4.2)
the fungal population also decreased in all treatments except biodiesel (BIO) and
biodiesel/PCP (PBIO) treatments (Table 4.3) where they increased. Although, the
numbers of microorganisms (bacteria and fungi) decreased in most of the treatments
during this study, there were still considerable numbers of microorganisms present in the
soil to degrade the target chemicals. The main reason for reduction in number of colonies
during the experiments is likely a stress response to the new environment. as well as the
toxicity of the chemicals that were added to the soil (Wong, 2000). In a contaminated
ecosystem those microbial communities could survive that are capable of utilizing and/or
tolerating toxic contamination.
Table 4.1

a

PCP acclimated bacteria populations in treatments over time

Treatments

PCP
Resistant
Bacteria
Day 0
[cfu/ml]a

PCP
Resistant
Bacteria
Day 60
[cfu/ml]

PCP
Resistant
Bacteria
Day 120
[cfu/ml]

PCP
Resistant
Bacteria
Day 180
[cfu/ml]

DKP
BDP
PBIO

4.32E+07
4.33E+07
6.06E+07

1.13E+05
1.00E+05
2.04E+06

5.20E+05
3.50E+05
2.40E+05

4.00E+05
5.33E+05
1.08E+07

colony forming unit/milliliter
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Table 4.2

a

Bacterial populations in treatments over time
Treatments

Bacteria
Day 0
[cfu/ml]a

C
DK
BD
DKP
BDP
BDD
BIO
PBIO

1.23E+07
6.17E+07
3.67E+07
3.93E+07
4.68E+07
6.03E+07
3.17E+08
6.67E+07

colony forming unit/milliliter

Table 4.3

a

Bacteria
Day 60
[cfu/ml]
5.00E+08
3.00E+07
2.20E+07
8.60E+06
1.13E+08
4.66E+07
1.22E+07
1.85E+07

Bacteria
Day 120
[cfu/ml]

Bacteria
Day 180
[cfu/ml]

1.76E+06
2.20E+06
1.40E+06
2.06E+06
2.33E+06
9.33E+06
8.60E+05
2.60E+06

1.33E+05
5.33E+05
1.13E+06
6.00E+05
8.00E+05
1.00E+06
3.51E+04
1.50E+04

Fungal population in treatments over time
Treatments

Fungi
Day0
[cfu/ml]a

C
DK
BD
DKP
BDP
BDD
BIO
PBIO

6.08E+05
2.97E+06
4.57E+06
4.85E+07
6.88E+07
5.33E+06
6.58E+05
9.33E+03

colony forming unit/milliliter

Fungi

Fungi

Fungi

Day60
[cfu/ml]
2.00E+04
1.80E+04
2.20E+04
2.70E+04
7.30E+03
4.60E+04
2.40E+04
4.70E+04

Day120
[cfu/ml]
1.80E+04
2.80E+04
4.67E+03
1.38E+04
2.00E+02
6.33E+03
3.50E+04
2.80E+04

Day180
[cfu/ml]
2.73E+03
7.93E+03
7.40E+03
1.07E+03
1.53E+03
6.53E+03
5.84E+06
8.27E+06

Toxicity
The highest reduction in toxicity occurred in biodiesel/PCP (PBIO) by 92% and
lowest toxicity reduction was (54%) in diesel/PCP (DKP) (Figure 4.5). There were also
significant differences in toxicity at day 180 between all treatments containing PCP
(Figure 4.5).
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Figure 4.5

Toxicity differences in treatments during 180 days time period

Note: Different letters indicate significant difference in treatments
Statistical analysis showed that there were significant differences over time within
treatments in toxicity of the samples (Figure 4.6). All treatments were significantly less
toxic after 180 days. A higher percent reduction in toxicity for (PBIO) could be due to an
increase in the bioavailability of toxic compounds (PCP and diesel) in the soil in the
presence of biodiesel which resulted in an increase in PCP and diesel solubility and
consequently, PCP and diesel were degraded by microorganisms in the soil thus toxicity
of the soil decreased (Wang and Bartha, 1990).
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Figure 4.6

Toxicity differences between treatments at day 0 and 180

Note: Different letters indicate significant difference in time for a given treatment
Toxicity Characteristics Leaching Potential (TCLP)
The highest amount of PCP leaching was observed in biodiesel (PBIO) by 73%
and the lowest amount of leaching was in diesel/KB3/PCP (DKP) by 16% after 180 days
(Figure 4.10). There were significant differences in the percent of PCP leached between
treatments by the end of this study in samples containing biodiesel/diesel (BDP) or
biodiesel (PBIO) and diesel (DKP) alone (Figure 4.10).
The results also indicated that there were significant differences for day 0 and day
180 in treatments containing biodiesel BDP and PBIO (Figure 4.11). This could be
attributed to desorption of PCP in the presence of biodiesel and enzymatic activities of
microorganisms that has made PCP more leachable (Samuel, 1991).
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Figure 4.7

Percent increase in PCP leaching after 180 days

Note: Different letters indicate significant difference in treatments

Figure 4.8

PCP concentrations after leaching for different treatments at day 0 and 180

Note: Different letters indicate significant difference in time for a given treatments
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Efficacy Evaluation Experiment
Bending Test
The results of MOE reduction are shown in Figures 4.9, 4.10, 4.11, 4.12, 4.13,
and 4.14. Although MOE of the samples were tested and recorded bimonthly the
following graphs will illustrate data for every four months since no significant differences
were observed for bimonthly results. The MOE results showed that there were significant
differences between and within some treatments and over time. After 4 months there was
a significant reduction between control and rest of the samples was observed (Figure 4.9).
However, there were no significant differences among the treatments with different PCP
retention values containing either biodiesel or diesel after 8 months (Figures 4.9 and
4.10). Significant differences in MOE loss among treatments with PCP appeared after 12
months (Figure 4.11). MOE loss for treatments containing only biodiesel/diesel and
diesel/KB3 treated wood sticks were significantly different from each other after 16
months. The lower MOE loss for the diesel/KB3 treatment is probably due to the higher
intrinsic toxicity of diesel/KB3 compared to biodiesel/diesel (Figure 4.12). By the end of
this study diesel/KB3 performed the same as treatments with the highest concentration of
PCP (0.3 pcf). Biodiesel/diesel alone had higher MOE loss than diesel/KB3 system but
there were no significant differences between MOE loss in biodiesel/diesel alone and
with treatments containing 0.2, 0.1 and 0.05 pcf PCP in either biodiesel/diesel or
diesel/KB3 systems after 24 months (Figures 4.13, 4.14). Generally, this could be
explained by the presence of both active material (PCP) and intrinsic toxicity of the
carriers in the treatments containing biodiesel/diesel and diesel/KB3 alone which protects
wood from decay (Duncan, 1957; Nicholas et al., 1994; Nicholas, 1988; Vaughan, 1947).
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Figure 4.9

MOE losses for treatments after 4 months exposure

Note: Different letters indicate significant difference in treatments

Figure 4.10

MOE losses for treatments after 8 months exposure

Note: Different letters indicate significant difference in treatments
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Figure 4.11

MOE losses for treatments after 12 months exposure

Note: Different letters indicate significant difference in treatments

Figure 4.12

MOE losses for treatments after 16 months exposure

Note: Different letters indicate significant difference in treatments
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Figure 4.13

MOE losses for treatments after 20 months exposure

Note: Different letters indicate significant difference in treatments

Figure 4.14

MOE losses for treatments after 24 months exposure

Note: Different letters indicate significant difference in treatments
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Although, there were no significant differences between treatments containing
biodiesel/diesel and diesel/KB3 with the same PCP concentration (Figure 4.15); however,
there is a trend showing that over time MOE loss in biodiesel/diesel systems was higher
than diesel/KB3 system. This can be noticed by comparing results from sticks treated by
biodiesel/diesel and diesel/KB3 only in years one and two of this study (Figure 4.16).
Results showed that in the first year differences in MOE loss between wood sticks
treated with biodiesel/diesel and diesel/KB3 were not significant but in the second year
(after 12 months) the differences in MOE loss between biodiesel/diesel only and
diesel/KB3 only treated sticks were significant (Figure 4.16). Therefore, the intrinsic
toxicity of diesel/KB3 carriers compare to biodiesel/diesel should be considered the main
reason. However, there were significant protection values of diesel/KB3 over
biodiesel/diesel but this appeared in higher concentrations of these solutions (Figure
4.16). PCP treated samples that were diluted with toluene (Table 3.4) did not show
significant differences in MOE loss regardless of carrier types (Figure 4.15).
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Figure 4.15

MOE losses for PCP treatments using diesel/KB3 and diesel/biodiesel
formulations after 24 months exposure

Note: Different letters indicate significant difference in treatments

Figure 4.16

MOE losses for untreated control, diesel/KB3, and diesel/biodiesel
treatments after four exposure period

Note: Different letters indicate significant difference in treatments for a given time period
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Oil and Grease Concentration
Change in the oil and grease concentrations are shown in Figures 4.17. Statistical
analysis found that there were significant differences within the treatments over time in
some treatments (Figure 4.17). Since biodiesel/diesel and diesel/KB3 were not diluted at
the time of treatment as PCP containing treatments were they showed higher initial
concentration of oil and grease. Also, there were no significant differences between
treatments with the same PCP retention values in oil and after 2 years (Figure 4.18).
The percent reduction of oil and grease concentration is shown in Figure 4.19.
The results showed that there were no significant differences in oil and grease
concentration for treatments containing PCP except diesel/KB3/PCP 0.05pcf. There were
also no significant differences observed in oil and grease reduction in treatments
containing biodiesel/diesel alone and diesel/KB3 alone in 2 years (Figure 4.19). The
reason for similar oil and grease reduction could be due to the same environmental
factors like temperature, soil, moisture in which these treatments were kept during the
two years period as well as wood sticks properties themselves (Lebow, 1996; Wang et al.,
1998).
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Figure 4.17

Oil and grease concentration in wooden sticks (mg/Kg)

Note: Different letters indicate significant difference in treatments

Figure 4.18

Oil and grease concentration for treatments containing PCP at day 0 and 2
years

Note: Different letters indicate significant difference for a given treatment
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Figure 4.19

Percent oil and grease reduction rate in wooden sticks during 2 years

Note: Different letters indicate significant difference in treatments
PCP Concentration
Changes in PCP concentration are shown in Figures 4.20 and 4.21. The results
showed that there were no significant differences between day 0 and final samples taken
after two years in PCP retention for all of those wooden sticks treated with biodiesel/
diesel/ PCP (Figure 4.20); while, there were significant differences in PCP retention
observed for samples treated with diesel/KB3/PCP in higher retention values (0.3 pcf and
0.2 pcf) (Figure 4.20).
There were no significant differences in PCP reduction between treatments with
the same PCP retention values containing biodiesel/diesel and diesel/KB3 carriers; the
higher rate of PCP reduction was observed in treatments containing diesel/KB3 (Figure
4.21). These results support Morgan’s (2010) which showed that PCP depletion rate was
lower in treatments using biodiesel as co-solvent for PCP compared to petroleum based
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carriers. The reason for this behavior could be due to better penetration and fixation of
PCP in biodiesel/diesel system.

Figure 4.20

PCP retention in wooden sticks for treatments containing PCP at day 0 and
2 years

Note: Different letters indicate significant difference for a given treatments
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Figure 4.21

Percent PCP reduction rate in wooden sticks during 2 years exposure

Note: Different letters indicate significant difference in treatments
Microorganisms’ Population
In general the number of microorganisms (bacteria and fungi) decreased during
this study, but there were still sufficient number of microorganisms present in the soil to
cause degradation (Tables 4.4 and 4.5). Control treatments had the highest number of
fungal colonies by the end of this experiment (Table 4.6). Decrease in the number of
microorganisms could possibly be attributed to unfavorable conditions of diesel and PCP
from wood sticks.
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Table 4.4

PCP acclimated bacteria populations in treatments over time

PCP Resistant
Treatments Bacteria Initial
[cfu/ml]a

PCP Resistant
Bacteria 6
Months
[cfu/ml]

Diesel/KB3/
8.40E+07
7.20E+06
PCP 0.05
Diesel/KB3/
7.92E+08
6.40E+06
PCP 0.1
Diesel/KB3/
3.74E+08
8.00E+06
PCP 0.2
Diesel/KB3/
8.32E+08
9.60E+06
PCP 0.3
Biodiesel/Di
esel/PCP
5.84E+08
6.40E+06
0.05
Biodiesel/Di
2.40E+08
9.60E+06
esel/PCP 0.1
Biodiesel/Di
5.98E+08
7.20E+06
esel/PCP 0.2
Biodiesel/Di
5.00E+08
5.60E+06
esel/PCP 0.3
a
colony forming unit/millilitre

PCP Resistant
Bacteria
12Months
[cfu/ml]

PCP Resistant
Bacteria 18
Months
[cfu/ml]

PCP Resistant
Bacteria 24
Months
[cfu/ml]

1.22E+05

2.72E+03

2.48E+03

6.08E+04

2.96E+03

1.40E+03

1.14E+05

8.00E+02

1.76E+03

8.24E+04

2.40E+03

1.04E+03

2.62E+05

3.28E+03

1.92E+03

4.76E+05

2.56E+03

1.36E+03

1.76E+04

1.28E+03

1.76E+03

3.28E+04

1.52E+03

3.60E+02
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Table 4.5

Bacteria populations in treatments over time

Treatments

Bacteria
Initial
[cfu/ml]

Diesel/KB3
4.34E+07
Biodiesel/Diesel
1.36E+07
Diesel/KB3/PCP 0.05 1.72E+07
Diesel/KB3/PCP 0.1 5.36E+07
Diesel/KB3/PCP 0.2 1.12E+07
Diesel/KB3/PCP 0.3 2.96E+07
Biodiesel/Diesel/PCP
2.00E+07
0.05
Biodiesel/Diesel/PCP
1.76E+07
0.1
Biodiesel/Diesel/PCP
2.32E+07
0.2
Biodiesel/Diesel/PCP
2.48E+07
0.3
Control
3.28E+07
a
colony forming unit/millilitre

[cfu/ml]

Bacteria Bacteria
12
18
Months Months

Bacteria 24
Months

9.60E+06
8.80E+06
6.40E+06
6.40E+06
8.00E+06
9.60E+06

1.96E+05 1.90E+05
6.04E+05 1.00E+05
1.26E+06 9.60E+04
5.64E+05 1.70E+05
2.68E+06 8.80E+04
1.56E+06 9.60E+04

1.44E+03
1.96E+03
6.40E+02
2.40E+03
1.52E+03
1.12E+03

8.80E+06

8.00E+05 1.44E+05

4.40E+03

7.20E+06

4.12E+06 1.20E+05

5.32E+03

7.20E+06

3.04E+05 1.52E+05

5.20E+02

4.80E+06

2.72E+05 1.44E+05

1.60E+03

8.00E+06

1.92E+05 8.80E+04

1.24E+03

Bacteria 6
Months
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[cfu/ml]

[cfu/ml]

[cfu/ml]

Table 4.6

Fungal populations in treatments over time

Treatments

Fungi
Initial

[cfu/ml]a

Diesel/KB3
3.46E+06
Biodiesel/Diesel
1.74E+07
Diesel/KB3/PCP 0.05 8.98E+06
Diesel/KB3/PCP 0.1 1.46E+06
Diesel/KB3/PCP 0.2 1.94E+06
Diesel/KB3/PCP 0.3 2.24E+06
Biodiesel/Diesel/PCP
2.84E+06
0.05
Biodiesel/Diesel/PCP
4.32E+06
0.1
Biodiesel/Diesel/PCP
2.30E+06
0.2
Biodiesel/Diesel/PCP
2.86E+06
0.3
Control
2.40E+06
a
colony forming unit/milliliter

Fungi 6
Months

Fungi 12
Months

Fungi 18
Months

Fungi 24
Months

5.60E+03
6.40E+03
9.60E+03
1.04E+04
9.60E+03
2.64E+04

1.36E+04
1.58E+04
1.52E+04
1.68E+04
8.40E+03
1.12E+04

3.02E+04
2.49E+04
3.76E+04
2.54E+04
3.58E+04
2.49E+04

5.44E+03
4.64E+03
4.80E+03
6.96E+03
6.88E+03
5.12E+03

4.00E+03

1.34E+04

2.76E+04

4.80E+03

6.40E+03

1.76E+04

2.73E+04

6.00E+02

1.20E+04

5.60E+03

2.22E+04

6.16E+03

8.80E+03

5.60E+03

2.66E+04

4.80E+03

1.28E+04

1.04E+04

1.82E+04

3.76E+04

[cfu/ml]

[cfu/ml]

[cfu/ml]

[cfu/ml]

Toxicity
The toxicity results are shown in Figures 4.22, 4.23 and 4.24. Results of statistical
analysis showed that there were significant differences in relative toxicity between
treatments. However, that there were no significant differences between treatments with
the same PCP retention values in relative toxicity after 2 years (Figure 4.22), but there
was a trend showing lower toxicity on day 0 and compared to 2 years for treatments
containing biodiesel/diesel versus diesel/KB3 carrier(Figure 4.22 and 4.23),. The reason
for this behavior could be due to the higher intrinsic toxicity of diesel/KB3 carriers. The
results also show that relative toxicity decreased significantly in samples containing
biodiesel/diesel, diesel/KB3 and controls by the end of this study (Figure 4.24).
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Figure 4.22

Toxicity differences between treatments after 2 years exposure

Note: Different letters indicate significant difference in treatment

Figure 4.23

toxicity differences between treatments at day 0
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Figure 4.24

Toxicity differences between treatments at day 0 and 2 years

Note: Different letters indicate significant difference for a given time
Toxicity Characteristic Leaching Potential (TCLP)
The results of Toxicity Characteristic Leaching Potential (TCLP) are shown in
Figures 4.25 and 4.26. There were significant differences in PCP leaching between initial
and final treatment samples except for diesel/KB3/ PCP (0.1) (Figure 4.25). Higher
leaching of PCP in day 0 samples is mainly due to the lack of aging after treatment. The
wood sticks were treated with PCP in different carriers only a few days before the start of
this study, therefore it is reasonable to assume there was higher PCP content not fixed
into the available wood surface to be leached out versus two year old samples. The PCP
leached was reduced by the end of the study for all treatments (Figure 4.26). However,
there were no significant differences in PCP leached rate except for PCP 0.05 pcf. PCP
reductions were proportional to treatment the PCP concentration; the higher
concentration, the higher the PCP leached (Figure 4.25).
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TCLP valued for biodiesel/diesel and diesel/KB3 system showed far below the
EPA permissible for treated wood products which is 100 (mg/Kg). This finding is
generally in agreement with Morgan’s (2010) results indicating that the PCP leaching
values were the same for biodiesel/diesel systems compared to conventional petroleum
based carriers systems.

Figure 4.25

PCP concentrations from leaching (TCLP) for treatments at day 0 and 2
years

Note: Different letters indicate significant difference for a given treatments

65

Figure 4.26

Percent differences in PCP leaching among treatments after 2 years
exposure

Note: Different letters indicate significant difference in treatments
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CHAPTER V
CONCLUSIONS
This study was designed to evaluate a diesel/biodiesel formulation as an
alternative carrier for treatment of wood with PCP. The biodegradability component of
this study showed that in soil containing some percentage of biodiesel, the wood
preservative PCP was degraded much faster than when the preservative contained the
conventional carrier petroleum based diesel/KB3. This could be an advantage in waste
management because it offers an environmentally friendly alternative for disposal of PCP
contaminated soil. An interesting extension to this study would be the evaluation of PCP
and its carriers in old treated wood mixed with soil over several years to determine PCP
and hydrocarbon degradation and leaching potentials. Also, the possibility of commercial
use of the residual treated wood flakes as mulching materials after remedial treatment
could be another recommendation for future work.
In the biodegradability phase of this study, the results showed significant
reductions over time in oil and grease concentration for all amended soils. The
biodegradation rate and toxicity reduction for PCP in soil was significantly higher for
those treatments containing diesel/biodiesel than for those containing diesel/KB3. Also,
the addition of a combination of biodiesel and PCP to the soil resulted in a significant
increase in the TCLP levels of PCP, suggesting that the co-metabolic effect of biodiesel
on microorganisms could accelerate the degradation of PCP in soil.
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A two year wood decay efficacy study using an accelerated soil contact decay test
was initiated to compare the performance of southern yellow pine wood treated with the
conventional diesel/KB3 carrier and a modified diesel/biodiesel carrier with biodiesel
added, both with and without PCP. The residual hydrocarbon levels, PCP reduction,
toxicity and leaching of PCP of the samples remained at the same level for treatments
with similar PCP retention values for both of these carriers. For wood treated with PCP
in these two different carriers, the rate of decay was generally greater particularly for the
highest PCP retention level for the biodiesel/diesel formulation, but this difference was
not statistically significant. Overall this study suggests that PCP formulated in a
biodiesel/diesel carrier is not as effective as the conventional diesel/KB3 formulation
against wood decay fungi. However, additional long term field studies are needed before
the potential impact of biodiesel formulations on the long term performance of PCP
treated wood can be fully assessed.
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